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voltage levels across each transistor. The fre- 
quency and width of the PWM signals ai-e reta- 
bve to the components of the resonant circuit - 
enabling each transistor to switch off and on 
only when zero volts appears across the transfs? 




£L 
LU 



Jouwe, 18, rue Sahl-Donb, 75001 PARIS 



EP0 655 830 A1 



10 



15 



20 



Atypical PWM-type amplifier i e , t° e SI Ti t, ^^e-sMng multiresonant converters. 
(orba S e.)ofapairof^itching ra^^^^ 

are disposed in a conventiona? P ush-pul, SSSSSSS^SSS oasLT*' 80 "^ ^ 
coupled in series across the d.c. power source the iuncttnn n ZTf „ * ? ass,n 9 orrec °very diodesare also 

carri^^^^^ 

be aiternately switched on S Sf foa<2i3a £ 22 £ H HT^SS transistors ' « B »«"8 the transistors to 
-atad signal passes through the SS^*' ^ ^ ^ ^ de ™ d - 

switch. (A detailed discussion su^Ts^an Ts^^SL ^T V ^ imp0Sed upon the 
Lee at al.) As a result. Cass D JEmS^SL * f*. toU '? U S ' Patent 4 - 72 °.°°8. issued to 

Khz. Such limitation can preclude Th^ £ 3 cEss D ^iT* J" ? bandWidth ° f a PP r o*imately 50 to 100 
mum distortion, the ^SZ^S^iSSSZ^ EE 'T""* applicatfons *«* mini- 
frequency component of «» - J^K*TC^J^5 8 p 2V"" that ° f the h * hest 
tions . 314 (Wiley 1 989). 9 — 1 rant ' * **" Power Mosfets Theory and Afiglica- 

at .jszyx 1 : r ek^ss-IJ^ when r t switchin9 transistore « not ° p - 

result in 'switch conduction overtop "1 e both tlsite^ ^"2? ^ differential SWitChing error «" 
virtual short circuit between the terminate XeTcTZT r? S,miJ,teneOUSly and thereb V mating a 
high peak currents flowing betweeTterminll^ tft'h* hT„ ° ver '«PPi"9 conduction can result in very 

dissipation and device ratfng prcbSnl Power source which can cause distortion as well as 

crossX^ C ' aSS ° * P— -P>itude error (i.e.. 

^apairofswl,^ 

to negative half cycle, effective output drive is tJLhZ. . T 8 P S,gnal passes f rom a P° sitiv e 
This transition generates a £22 -SSXISEll^? tra " sistorand """very "iode to the other, 
diode overswings and forward ^e^^^to "** reSU ' tin9 fr ° m racove ^ 

-en^^ distortion derived from the fre- 

vent!™^ b T aPP "' ed to "» fte,d of Power converters. Acon- 

sive switch (i.e.. .^10*^5-^22^2^ JT **** ^ 8 SWitChin9 transistor > a "° a P«s- 
and off states (and ti^ZZ^Z^I^ a " d ' 0SSeS when switching between on 

PWM-type converte SSTmn -7 frequen< ; ,es >- resona " 1 <*™** have been incorporated into 
^emp^^^^ at 8 Swftch at tha «- of switching, 

zerc-voltage-switching ^a^son^T^^^^ 9 ^^^. ("ZCS-QRC"), 
verters CZVS-MKC, and oonstant-f requ ency^^ 

transiS?oT^ 

quasi-resonant switch 600. In contraTlls oRc^n * "'""^ Rg - 1 i,,ustrat *s a zero-current 
(i.... transistor) enable, "J« p,i„ to toTorSl' "".""f S - MRC "« B " "«™ ■** 

"» - • ^^™jr»'zs'r' creati "° cf - zvs - 
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n-JS25S5 SS3^2J?TS n wes , a power amp,ifier indudin9 a 

The invention will now be described bv wav of examnlfi w*h r^««^^ *~ *u 
which: * y examp,e ' w,th reference to the accompanying drawings, in 

Rg. 1 is a schematic of a zero-current quasi-resonant switch- 
Fig. 2 is a schematic of a zero-voltage quasi-resonant switch'; 
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Fig. 3 is a schematic of a zero-voltage multi-resonant switch- 
F g. 4 is a schematic of a constant-frequency zero-voltage multi-resonant switch- 
Fig. 5 is a schematic of a CF-ZVS-MRC- swiicn. 

£'31 i " "I""'*! 0 °" a res0 ™ r " '"*"*» «W averaging rate, cooll gure o l„ , •„• .rraraera.nl- 
signal; * " 6mb ° diment of a ^ion of the circuit shown in Fig. 6. utilizing an inverted ramp 

Fi'g J? t T^^T^Tut?^ T* - aCC ° rdlng t0 the Prindp,es of the ^tion; 

9 f " ter - ^ ««* constructed ac- 

Fig. 18 is an alternate embodiment of the circuit shown in Fig. 17, incorporating a bridge circuit. 
25 DESCRIPTION OF THE PREFERRED EMBODIMENT 
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A. General Description of Circuit 
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r^nfJf ""I** iS ;, '? tUr "' ° 0Up,ed to the 9ate <* transistor 260 - The source and drain of transistor 260 is 
SJISSfST d '° de ^ reS ° nant CaPaCtor 27 °- Tra " Sistor 260 ia — ^ rSnant in! 

ffJ^'ZS? - fo '° ad ^ thr ° U9h aVera9inS f i,ter 32 °- FSedbaCk Nne 346 COUp,es tha of 
In operation, a modulating input signal applied to terminal 3 is input to noninvertino amolifier 40 *nrf in 
verting amp f ier 60. Biasing circuit 39 raises the output of these amplifiers a SKSKFJSSil 
amp f,er output never falls below zero volts. Referring to Fig. 7. a hypothetical sine wave iZ m fSS™?! 
results in complementary signa.s 501 and 502 output from amplifiers^) SfS^S^SSStl 
fed into comparator circuit 100 while signal 502 is fed into comparator 200 I*""** S'9nal 501 is 

Ramp generator circuit 1 0. also coupled to comparators 100 and 200. produces a f ixed-freouencv oeriodic 

operation. Comparators 1 00 and 200 compare the outputs of biasing circuits 40 and 60 with tto wtoSSST™ 

onZST! 1 1 °' ' r ° dUCin9 PWM reCtan9U,ar S, ' 9na,S - AS ShOW " I F ' 9 " 7. PWwZaS 503 Td^ bSed' 
on hypothebcal ,nput signals 501 and 502. may be output from comparators 100 and 200 resoec^ve'lv ^« 

pulse width of thesesignals varies accoraing to the amplitude level of the modulating ^puYsfanaf ^1 onSenia 
~n^ir 9 ^ 

changes in the PWM signals. In addition, these circuits are designed for fail TJe' ^eSfonTenXnla 

so sssk ss; a :r pp,ied to the , inputs - Dunn9 aiternatin9 si9nai ° paration - *J312S52 

stana 8 ooeSL ,h 9 ? powersu ' 1 e |ies ("otshown in Fig. 6) are nevershorted. During non-alternating 
signals rema ' n ^ thereby minimizing lhe risk of erroneous «™ transient 

old voit^Tio 6 ' 81 - ?' 1 20 8nd 220 9enerate output vo,te9es that swi "9 above and below the thrash- 

ZSSSXST^ I 26 °' th6reby SWitChin9 theSe transistora on and ^«rinfl to PWM sig- 
nals 503 and 504 shown .n F,g. 7. transistor 1 60 may be switched in accordance with signal 503. while transistor 

on T - aCCOraanCe Wi,h 8i9nal 504 - As thaaa illustrate, transistors 1 60 and 260 swrtch 

onamultaneous ly. and then switch off when signals 501 and 502 fall below the value of sawtooth signal MO 
Accordingly, the tempting edges of the pulses in signals 503 and 504 control the output ^te ampWier 

of wav^r a m rn 5 P o: , 22? * "t " * ^ ^ ^ * n0de 181 ^SSm 

traZtar i^n 2f 80 ' nStanCe - P0Sitive d c - P° w or source 4 is coupled to node 181 through 

trans,stor 160 for a longer portion of each ramp period than negative power source 5 through transistor 260 

?*z??xi e zTi F j- 6 r duces a nega,ive avera9e *** vo,ta9e the pu'-sof rri 2 5 6 o 0 3 

Portion oiH ™ " 9 h?k POVVer S ° Urce 5 iS C0Upled to the out P ut throu 9h transistor 260 for a longer 
portion of each ramp penod than positive power source 1 . '"»ser 

»r a „S nif iCant ' y ' ?! drai " ° f transistor 1 60 is "01 directly connected to the source of transistor 260 when both 
^ 7 Rather ' reS ° nant induCtor network 180 inserts a impedance between these 

fn7^„™ na 9 !" e : ated 31 ° Peratin9 freqU6nCy 0f the "actors. Such impedance effec3y eZ 
2~ r y f S -~" dUCt,0n CUTOnt SpikeS tnat would " orma »y oc ou^ during overlapping conduction?^ 
InTddZ TT n v WOr K kS 180 (C ° UPled t0 fMter 32 °> are 8hown in F ^ 11 «■ descnbedbelow7 
no slddf n . T betWee " P ° SitiVe 3nd ne9ative VOlta9es of a modulating input signal resuSm 

? h 9 2 rCUIt ° Perati ° n (i e " "° SffeCtive chan9e as to which tra " sia »or I controlL the output 
s-gnal). As shown ,n F.g. 7. the circuit provides unaltered operation through zero input volts- i e ooint 508 

A dSS. the CifCUit ° f ^ 1 effeCtiVely aV ° WS a " y — dist ° rt - *«S I . ^eniCS 

arc reSe1o7h^ , „°n n i , a „? d SWitehin9 fre d ua "«=y of the PWM signal generated by comparators 1 00 and 200 

are relative to the resonant component values of resonant capacitors 170 270 and resonant inn.u-w* 

tamed in network 180 (i.e.. inductors 190 and 290 of Fig. 12). As discussed □e^hesT^eS «ate 

amoTfieTn P °" y "° " d across tra " a ^ 160 S oTng 

amplif ,er operation. In accordance with the resonant characteristics of these elements, the PWM signals cutout 

eTh JransfstorTH 20 •*?* lranStet0rS 16 ° a " d 260 °" and 0ff whe " 2e ~ ^ appea 8 ?22 

each transistor. This concept is illustrated in Fig. 8. 

Thi a 1 WM r 9n fu° 5 : Sh ° Wn in F ' 9, 8> fe ° UtpUt 1mm 9ate drive 120 and a PP |ie d to the gate of transistor 160 
This signal swrtches transistor 160 on and off only when its drain-to-source voltage (i.e V ds ) represented bv 
waveform 506. equals zero. Transistor 260 operates in similar fashion, in accordance mSIi? 
Sw,tch.ngtrans,store160and260onandoffwhenthedra^^ 
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switching stresses and losses, and enables switching frequencies of several megahertz. This feature is dis- 
cussed in greater detail below. 

The switching operation of transistors 160 and 260 generates noise or signal distortion typically referred 
to as output ripple. However, the balanced topology of the circuit of Fig. 6 results in zero output ripple when 
the input signal is zero since the voltages applied to inductors igo and 290 are equal and opposite during the 
corresponding ramp period. Moreover, the presence of such inductors as 190 and 290 of Fig. 12 contribute to 
npple reduction over the whole output range. 

To ensure simultaneous -turn-on" of transistors 160 and 260. and thereby eliminate a potential source of 
output-signal distortion, a pair of logical AND circuits 1 01 , 201 may be added to the circuit of Fig 6 between 
comparators 100. 200 and gate drives 120. 220. respectively, as shown in Fig. 9. The output of comparators 
100 and 200 are gated via AND circuits 101 and 201. respectively, under the control of gate pulse circuit 102 
As shown in Fig. 1 0, square wave 1 02a, output from circuit 1 02. may be used to delay the leading edge of PWM 
signals output from comparators 100 and 200 some minimal At to ensure that both edges rise simultaneously 

Referring to Fig. 6. averaging filter 320 is shown coupled to resonant inductor network 180 at node 181 
This portion of the amplifier may be configured in a variety of circuit architectures, as illustrated in Figs 11 
and 12. As shown in Fig. 11. resonant inductor network 180 may be embodied as inductor 191, and filter 320 
may include inductors 330 and 331. all configured in a "n" network. Alternatively, as shown in Fig 12 network 
180 may be embodied as inductors 190, 290, and filter 320 may include inductor 321 coupled to the electrical 
midpoint of network 180 in a T network. Averaging filter 320 helps to remove distortion from the output signal 
of the amplifier, including ripple distortion. The resulting signal is output to load 340. functioning as a current 
sink. 

Feedback line 346 couples terminal 3 with the output of filter 320. This feedback line stabilizes the amplifier 
and reduces output distortion. Alternatively, the amplifier of Fig. 6 may be operated without feedback line 347 

Figs. 13 and 14 disclose two modifications to the circuit architecture of Fig. 6. Fig. 13 illustrates the use 
of a single power source 5' in place of voltage sources 4 and 5 shown in Fig. 6. Referring to Fig 13 power 
source 5' is coupled to nodes 182 and 183, the latter also being coupled to ground. Filter 320 is coupled to 
node 181 and load 340 through blocking capacitor 333. Load 340 is also coupled to ground. Nodes 182-183 
identify where this modification may be incorporated into the circuit of Fig. 6. 

The modification of Fig. 13 offers a simpler architecture than that disclosed in Fig. 6 at the cost of losing 
low-frequency operation. Blocking capacitor 333 functions as a high-pass filter preventing low frequency sig- 
nals from reaching load 340. As such, the circuit of Fig. 6 modified in accordance with Fig. 1 3 is not suited for 
d.c. operation. 

Fig. 14 discloses a modification to the circuit of Fig. 6 wherein inverted and non-inverted output of the ramp 
generator circuit 10 are fed to comparators 100 and 200 while the modulating signal applied to terminal 3 re- 
mains non-inverted. As shown in Fig. 14. noninverting comparator 100 uses a non-inverted modulating signal 
as an input and a non-inverted ramp output as a reference voltage. This is identical to the configuration of Fig 
6. However, comparator 200 uses an inverted ramp output (via inverting circuit 203) as an input signal and a 
non-inverted modulating signal as a reference voltage. The resulting PWM signals are the same as those 
shown in Fig. 7 and described above. 

Adetailed schematic of the circuit of Fig. 6 is illustrated in Figs. 15through 18, which are discussed below. 

B. Ramp Generator Circuit 



As shown in Fig. 15, ramp generator circuit 10 includes two one-shot circuits 14 and 20 which may be 
Texas Instruments part number SN54LS221 . Pins 1 (input), 2 (input) and 3 (clear) of circuit 14 are connected 
to resistors 21, 16 and 15. respectively. These resistors are, in turn, connected to positive d.c. power source 
1E. Pin 13 (Q output) of circuit 14 is connected to pin 9 (input) of one-shot circuit 20 via line 31. Pins 14 (C^ 
and 15 (R^CeJ of circuit 14 are connected to capacitor 13, which is connected to resistor 12. Resistor 11 
interconnects resistor 12 and positive d.c. power supply 1E. 

Pins 5 (Q output), 1 0 (input) and 11 (clear) of circuit 20 are connected to resistors 21, 18 and 26 respec- 
tively. Resistor 21 is coupled to the base of transistor 25 through capacitor24. Resistor 26 interconnects enable 
switch 28 with capacitor 27, which is connected to ground. Pin 5 of circuit 20 is connected to pin 1 of circuit 14 
via line 30. Pins 6 (C ext ) and 7 (Rext/C ext ) of circuit 20 are connected to capacitor 29 which is, in turn, connected 
to resistor 19. D.C. power source 1E is also connected to resistors 17, 19, 22 and 23. Resistor 17 is also con- 
nected to resistor 26 and switch 28. Resistors 22 and 23 are connected to the base and emitter, respectively 
of transistor 25. J 

In operation, circuit 14 is triggered by the falling edge of an input pulse. As shown in Fig. 1 5 and described 
above, control input pin 1 of circuit 14 is connected to output pin 5 of circuit 20 via line 30. Accordingly, when 
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the output of circuit 20 falls, circuit 14 generates an output pulse. The width of this pulse is determined by the 
values of capacitor 1 3 and resistors 11.12. ' 

Similarly, circuit 20 is triggered by the falling edge of an input pulse. As shown in Fig. 15 and described 
above, control input pin 9 of circuit 20 is connected to output pin 1 3 of circuit 14 via line 31 . Accordingly when 
the output of circuit 14 falls, circuit 20 generates an output pulse. The width of this pulse is determined by the 
values of capacitor 29 and resistor 19. In summary, one-shot circuits 14. 20 periodically trigger each other 

Output pulses of circuits 14 and 20 are configured to occupy approximately eighty and twenty percent of 
a ramp penod, respectively. Keeping circuit 20 off for a majority of this period helps reduce distortion by pre- 
venting any perceptible noise from being output from the ramp generator circuit during this time 

The output pulse of circuit 20. in combination with capacitor 24. enables transistor25 to periodically conduct 
and convey a sharp pulse of current that is used to terminate a ramp pulse, as discussed below. The operating 
parameters of one-shot circuits 14. 20 embodied as Texas Instruments part number SN54LS221 are described 
! n Tne y L Data Book for Pesi< l" Engineers. 6-68 to 6-75 (Texas Instruments 1976). the disclosure of which 
is hereby incorporated by reference. 

The remaining portion of ramp generator circuit 10 includes resistor 110 connected to line 32 and ground 
and transistor 1 08. whose base is also connected to line 32. The emitter of transistor 1 08 is connected to ground 
while the collector is connected to capacitor 109. the inverting input of comparators 100 and 200. and power 
supply circuit 33. v 

Circuit 33 includes positive d.c. power source terminal 1A which is connected to resistor 101 This resistor 
is connected, in turn, to capacitor 102. and resistors 111. 106. Capacitor 102 is connected to ground, resistor 
111 is connected to resistor 104. and resistor 106 is connected to resistor 107 and the cathode of diode 105 
Resistor 107 is also connected to ground, while the anode of diode 105 is connected to resistor 104 and the 
collector of transistor 108. 

Circuit 33 conveys charging current to capacitor 1 09. When transistor 108 is not conducting, circuit 33 grad- 
ua ly charges capacitor 1 09. creating the inclined portion of ramp signal 500 shown in Fig. 7. When a current 
pulse is generated by transistor 25 and applied to the base of transistor 1 08, capacitor 1 09 discharges through 
ransistor 1 08 resulting in the vertical drop of signal 500 shown in Fig. 7. This operation is repeated pursuant 
to the penod,c output pulses generated by one-shot circuits 14, 20. Accordingly, a train of periodic ramp pulses 
(i.e., a sawtooth signal 500) is created for use as a reference voltage by comparators 100 and 200. 

C. Modulating Signal Input and Biasing Circuit 

Referring again to Fig. 1 5. modulating-signal terminal 3 is connected to resistor 3A and capacitor 3B which 
is, in turn, connected to resistors 3C, 3D. Resistors 3Aand 3C are also connected to ground. Resistor 3D is 
connected to resistors 3E, 3F and the inverting input of amplifier 34. The noninverting input of amplifier 34 is 
grounded. Resistor 3E is also connected to the output of amplifier 34, which operates as an inverting amplifier 
Amplifier 34 inverts a modulating input signal being received on terminal 3. 

The output of amplifier 34 is connected to resistors 42. 62 and 3E. Resistor 42 is connected to the inverting 
input of inverting amplifier 41, resistor 43 and capacitor 44. These last two elements are also connected to 
the output of amplifier 41. The noninverting input of amplifier 41 is connected to resistors 50, 52 and capacitor 
51 ; these last two elements also being connected to ground. Resistor 50 is connected to the output of amplifier 

48. wh.ch functions as a voltage follower. The inverting input of amplifier 48 is connected to its output via lead 

49. The noninverting input is connected to resistors 45 and 46. Resistor 46 is coupled to ground through variable 
resistor 47. Resistor45 is connected to d.c. powersource 1 B and resistor 53. which is coupled to ground through 
resistor 54. The output of inverting amplifier41 is coupled to the noninverting input of comparator 100 through 
a low pass filter constructed from resistor 55 connected to capacitor 56. 

The values of resistors 42, 43, 50 and 52 are selected so that inverting amplifier 41 functions as an in- 
verting difference amplifier. As such, the voltage applied to the noninverting input of amplifier 41 by voltage- 
follower 48 serves to raise the output signal of amplifier 41 some predefined amount. In this case, the output 
signal is raised so that it never falls below zero. (See. for example, signal 501 in Fig. 7.) This is necessary to 
enable a proper comparison with ramp signal 500 (which also never fells below zero) in comparator 100 Al- 
though amplifier 41 performs an inverting operation, its output is, in fact, non-inverted with respect to an input 
signal applied to terminal 3, since such signal must also pass through inverting amplifier 34. 

Turning to amplifier 61 , the noninverting input of this amplifier is connected to resistors 62, 64 and capac- 
itor 63, which is also connected to ground. Resistor 64 is also connected to the output of voltage-follower am- 
plifier 48. The inverting input to amplifier 61 is connected to resistors 65, 67 and capacitor 66 Resistor 67 is 
connected to ground while resistor 65 and capacitor 66 are also connected to the output of amplifier 61 The 
output of noninverting amplifier 61 is coupled to the noninverting input of comparator 200 through a low pass 
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filter constructed from resistor 68 connected to capacitor 69. 

The values of resistors 62, 64, 65 and 67 are selected so that noninverting amplifier 61 functions as a 
noninverting difference amplifier. Amplifiers 41 and 61 operate as a pair of balanced difference amplifiers. 
Like amplifier 41 , voltage-follower 48 raises the voltage applied to the noninverting input of amplifier 61 a suf- 
ficient level so that the output of this amplifier never falls below zero. (See, for example, signal 502 in Fig. 7.) 
Again, this is necessary to ensure a proper comparison with ramp signal 500 in comparator 200. Although am- 
plifier 61 performs a noninverting operation, its output is, in fact, inverted with respect to an input signal applied 
to terminal 3, since such signal must also pass through inverting amplifier 34. 

D. Comparator Circuit 

The use of comparator circuits to produce PWM rectangular waves is well-known by those having ordinary 
skill in the art The circuit of Fig. 1 5 uses conventional devices such as MAXIM ™ MAX900™ series comparators, 
which are configured in a "quad" package (i.e., a single IC package containing comparators 100, 150, 175 and 
200). Comparators 150 and 175 are not used in the circuit of Fig. 15. Accordingly, to prevent any interference 
with those comparators that are used (i.e., comparators 100, 200), comparators 150 and 175 are configured 
to maintain a permanently low output. Specifically, each unused comparator has its noninverting input coupled 
to ground, and its inverting input coupled to the junction of resistors 53 and 54. The output of these unused 
comparators remain unconnected. 

For purposes of illustrating comparator operation, assume modulating signal 501 of Fig. 7 is output from 
inverting difference amplifier 41 , and ramp signal 500 of Fig. 7 is generated by the gradual charging of capacitor 
109. In this situation, comparator 100 would generate a PWM rectangular signal analogous to signal 503 of 
Fig. 7. Similarly, assuming modulating signal 502 is output from noninverting difference amplifier 61, compar- 
ator 200 would generate a PWM rectangular signal analogous to signal 504 of Fig. 7. 

In accordance with the circuit of Fig. 1 5, comparators 1 00 and 200 output a non-modulated, low signal when 
ramp generator circuit 10 has not yet been switched on by enable switch 28. In such a situation, capacitor 109 
charges up as described above, but fails to discharge. This creates a permanently high voltage reference signal 
for comparators 100 and 200. Accordingly, the value of any signals output from amplifiers 41 , 61 are always 
below the input reference voltage of each comparator. As noted below, an initially low output on comparators 
100 and 200 provides a particularly useful starting point for amplifier operation. 

Alternatively, when sawtooth signal 500 is applied to comparators 100, 200, but the input signal applied 
to terminal 3 remains at zero, comparators 100 and 200 simultaneously switch on and off since the signals 
output from amplifiers 41 and 61 are identical. As noted above, this operation results in a particularly clean 
output signal (i.e., no output ripple). 

The output of comparators 100 and 200 are forwarded to gate drives 120 and 220. As shown in Figs. 15 
and 16, the output of comparator 100 is connected to resistor 103 and the bases of transistors 126, 131 of 
gate drive 120. Similarly, the output of comparator 200 is connected to resistor 202 and the bases of transistors 
226, 231 of gate drive 220. Resistors 103, 202 are also connected to ground. 

E. Gate Drives 

As shown in Fig. 1 6, gate drive 120 is coupled to d.c. power sources 1 C, 2B, comparator 1 00 and transistor 
160. More specifically, d.c. power source 1C is connected to resistor 122, the emitter of transistor 121 and 
collector of transistor 141. Resistor 122 is, in turn, connected to the base of transistor 121 and resistor 123. 
Resistor 123 is also connected to the cathode of diode 124 and resistor 125. The anode of diode 124 is con- 
nected to the collector of transistor 121 and resistors 1 37, 139, while resistor 125 is connected to the collector 
of transistor 126. Diode 124 acts as a clamping diode (i.e., a Baker clamp), preventing transistor 121 from sat- 
urating during operation. 

Transistors 126 and 131 are coupled in series through resistors 127 and 130. The junction of these resistors 
are coupled to ground via capacitor 128, and to the bases of transistors 126, 131 through resistor 129. These 
bases are also connected to the output of comparator 100. 

The collector of transistor 131 is connected to resistor 132 which is, in turn, connected to the anode of 
diode 133 and resistor 134. Resistor 134 is, in turn, connected to the base of transistor 136 and resistor 135. 
The emitter of transistor 136 and resistor 135 are connected to negative d.c. power source 2B. The cathode 
of diode 133 is connected to resistors 138, 140 and the collector of transistor 1 36. Like diode 124, diode 133 
acts as a clamping diode (i.e., a Baker clamp), preventing transistor 136 from saturating during operation. 

Resistors 137 and 138 are connected in series, and their junction is connected to ground. Resistors 139 
and 140 are also connected in series, and their junction is connected to the bases of transistors 141 and 142. 
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These transistors are prevented from saturating due to the Baker clamp drivers mentioned above. The collector 
of transistor 142 is connected to negative d.c. power source 2B. The collector of transistor 141 is connected 
to positive d.c. power source 1C, and the emitter is coupled to isolating transformer 147 (Fig. 17) through re- 
sistor 143 and capacitor 144. These elements are also coupled to resistors 145, 146, which form a path to the 

5 emitter of transistor 142. 

Turning to Fig. 17, isolating transformer 147 having an impedance ratio of four to one is coupled to resistor 
148, which is, in turn, coupled to the gate and source of transistor 160. Resistor 148 is also coupled to the 
anode of antiparallel diode 165, resonant capacitor 170 and resonant inductor 190. 

In normal operation, a PWM signal output from comparator 100 is applied to the bases of transistors 126 

w and 1 31 , as well as to capacitor 1 28 through resistor 1 29. When the signal rises from low to high voltage, tran- 
sistor 126 operates in normal, active mode, and capacitor 128 allows current to flow as a result of the change 
in voltage. Transistor 126 acts as a current sink and resistor 127 limits current flow to prevent the transistor 
from becoming saturated. Concurrently, transistor 131 is in cutoff mode (Le., both emitter and collector junc- 
tions are reverse-biased). This operation enables transistors 121 and 141 to operate in normal, active mode; 

15 allowing current to flow through the primary winding of step-down transformer 147. The secondary winding 
delivers sufficient energy to transistor 160 to switch this transistor on. Transformer 147 also isolates transistor 
160 and provides impedance matching. 

When the PWM signal output from comparator 100 drops from high to low voltage, transistor 126 operates 
in cutoff mode, and transistor 131 now operates in normal, active mode. The drop in voltage enables capacitor 

20 128 to discharge through transistor 131, which operates as a current source. Resistor 130 sufficiently limits 
current flow to prevent this transistor from becoming saturated. This operation enables transistors 136 and 
142 to operate in normal, active mode; discharging capacitor 144 and dropping the voltage level applied to 
transformer 147 so to switch off transistor 160. Referring to Fig. 8, signal 505 represents a typical output signal 
from gate drive 120 and applied to the gate of transistor 160. 

25 As noted above, transistors 121, 126, 131 , 136, 141 and 142 operate in non-saturated mode when active, 

thereby minimizing response time of gate drive 120 to PWM signals output from comparator 100. 

In addition, gate drive 120 employs two fail-safe mechanisms to minimize erroneous operation and thereby 
avoid potential sources of distortion. During normal operation, a PWM signal output from comparator 100 will 
periodically rise and fall, as illustrated by signal 503 of Fig. 7. When this signal rises, transistors 126, 121 and 

30 141 are active, while transistors 131, 136 and 142 are in cutoff mode. Conversely, when this signal falls, the 
reverse is true; i.e., transistors 126, 121 and 141 are in cutoff mode and the remaining are active. Accordingly, 
positive d.c. power source 1C is always isolated from negative d.c. power source 2B during operation, thereby 
preventing damaging current from shooting through the circuit. 

Furthermore, when the input signal to gate drive 120 is steady-state (i.e., non-oscillating) for a prolonged 

35 period of time, capacitor 128 prevents current flow through transistor 126 (as a sink) or transistor 131 (as a 
source). Accordingly, gate drive 120 is turned off - thereby preventing amplifier operation when receiving ab- 
normal (i.e., non-oscillating) input from comparator circuit 100. 

As shown in Fig. 16, gate drive 220 employs the identical circuitry described above with respect to gate 
drive 120. Accordingly, the foregoing description applies equally to gate drive 220. 

40 

F. Resonant Circuit 

As shown in Fig. 17, antiparallel diode 165 and resonant capacitor 170 are connected in parallel across 
the source and drain of transistor 1 60. The drain of this transistor is also connected to positive d.c. power source 
45 1 D and the source is connected to resonant inductor 1 90. Transistor 260 is configured in similar fashion, except 
that the source of transistor 260 is connected to negative d.c. power source 2C, and the drain is coupled to 
resonant inductor 290. 

As noted above, the resonant circuit elements and antiparallel diodes connected to transistors 160 and 
260 enable the periodic application of zero and non-zero voltage levels across each transistor. More specif i- 

50 cally, the combination of capacitor-inductor pairs 1 70, 190 and 270, 290 resonating independently as well as 
collectively, and diodes 165 and 265 conducting periodically, create alternating zero and non-zero voltage lev- 
els across each transistor. To minimize switching losses and stresses and thereby enable increased switching 
frequency of up to several megahertz, transistors 160 and 260 are switched only when zero volts appears 
across each transistor (i.e., V da = 0). 

55 For the purposes of discussing resonant circuit operation, modulating signals 501 and 502 of Fig. 7 are 

assumed to be output from amplifiers 41 and 61, respectively. 

At the start of operation, ramp signal generator circuit 10 is off. Comparators 100 and 200, therefore, re- 
ceive permanently high voltage reference signals and produce permanently low outputs (see Section D, 
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above). Accordingly, gate drive circuits 120 and 220 are poised for rising-edge input signals — signals that will 
switch transistors 160 and 260 on. This start-up arrangement is particularly advantageous since current must 
first build up in inductors 190 and 290 before any resonant operation may occur. Such is achieved when tran- 
sistors 160 and 260 are simultaneously switched on. 

5 Turning on ramp generator circuit 10 via switch 28 results in a drop of the voltage reference signal (due 

to the discharge of capacitor 109 as discussed above), followed by a gradual rise in potential, illustrated by 
signal 500 of Fig. 7. The drop in signal 500 causes comparators 100 and 200 to produce rising edges 509 and 
510 of PWM signals 503 and 504, respectively, as shown in Fig. 7. These edges activate gate drives 120 and 
220 which switch transistors 160 and 260 on. Once both transistors are on, current through inductors 190 and 

10 290 increases linearly since the constant d.c. voltage drop from positive d.c. power source 1 D to negative d.c. 
power source 2C appears across these elements. 

When signal 504 drops at falling edge 511, transistor 260 switches off and inductor 290 resonates with 
capacitor 270. Concurrently, an increasing voltage potential appears across transistor 260. Later in the same 
ramp period, signal 503 drops at falling edge 512, switching transistor 160 off. When both transistors are off, 

15 resonant capacitors 170, 270 and inductors 190, 290 resonate with each other. This results in an increasing 
and then decreasing voltage potential appearing across both transistors. Referring to Fig. 8, the resonating 
potential across transistor 160, represented by a single pulse of signal 506, reaches zero through resonant 
oscillations between capacitors 170, 270 and inductors 190, 290. The resonating voltage potential across tran- 
sistor 260 subsequently reaches zero through resonant oscillations between capacitor 270 and inductor 290. 

20 Once the drain to source voltage (i.e., V d8 ) of a transistor reaches zero volts, its corresponding antiparallel 

diode begins to conduct for a limited period of time. For example, when of transistor 160 becomes zero, 
current from inductor 190 — which is negative - passes through diode 165. Similarly, when V ds of transistor 
260 becomes zero, current begins to pass through diode 265. To achieve zero voltage turn on, transistors 160 
and 260 are switched on while antiparallel diodes 165 and 265 conduct Over time, the current through these 

25 diodes ultimately degrades to zero. At such time, current polarity reverses resulting in current flow through 
transistors 160 and 260. 

The switching cycle is now repeated, starting with the gradual build up of current in inductors 190 and 290 
(since both switching transistors are on). This will continue until one of the transistors switches off, causing 
resonant operation to begin with the capacitor and inductor coupled to the off transistor. At the same time, am- 

30 plifier output is controlled by the on transistor. A detailed discussion of resonant circuit operation (in ZVS-MRC 
architectures) can be found in Maksimovic, the disclosure of which is hereby incorporated by reference. 

As the foregoing description illustrates, switching of transistors 160 and 260 must be closely coordinated 
with the resonant operation of capacitors 170, 270 and inductors 190, 290 to ensure transistor switching occurs 
during periods of zero voltage. Accordingly, the switching frequency and allowable pulse widths of PWM signals 

35 503 and 504 are determined relative to the resonant component values. 

The resonant circuit coupled to transistors 1 60 (i.e., capacitor 1 70 and inductor 1 90) and 260 (i.e., capacitor 
270 and inductor 290) operates at a resonant frequency (f r ) defined by equation (1 ), where C r is the capacitance 
of capacitors 170 or 270 and L r is the inductance of inductors 190 or 290, respectively. 

(1) f r = 0/271 = 1/2^(^0^ 

40 The switching frequency (i.e., f 8 - the frequency of ramp signal 500) is set at some value less than f r to 

allow sufficient time within a particular switching period for resonant oscillation to occur. As shown in Fig. 8, 
the oscillations between resonant circuit elements — as illustrated by waveform 506 — must be complete within 
a half-cycle of signal 505 (operating at f 8 ). In this embodiment of the invention, as in the DC-to-DC converter 
prior art, the relationship of the switching frequency to the resonant frequency is the same as discussed in 

45 Maksimovic, the disclosure of which is hereby incorporated by reference. 

Further, the allowable width of the rectangular pulses of PWM signals 503 and 504 is also influenced by 
the resonant element values. As discussed above, non-zero voltage levels oscillate across transistors 160 and 
260 when these transistors are switched off. Accordingly, the off portion of a ramp period, such as portion 513 
of Fig. 7, must be sufficiently wide to enable a voltage level to rise and fall across a transistor (as illustrated 

so by a single pulse of waveform 506 of Fig. 8) before switching the transistor on. However, this off portion must 
also be sufficiently narrow to ensure both transistors are switched on before their corresponding antiparallel 
diodes stop conducting, as noted above. The dimensions of ramp signal 500 (i.e., peak to peak value, slope 
of incline, etc.) as determined by the size of capacitor 109, element values of circuit 33 and voltage level of 
terminal 1 A may be used to modify the width of off portion 513. 

55 

G. Averaging Filter 



Referring to Fig. 17, positive and negative d.c. power sources 1D and 2C are connected to a series of de- 
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coupling capacitors, 352,353 and 350,351 respectively. 

Inductor 321 is coupled to the node between inductors 190 and 290; i.e., the electrical midpoint of these 
inductors. Inductor 321 (itself functioning as a low-pass filter) is coupled to low-pass filter 347 having Inverse 
Chebyshev characteristics. Filter 347 includes inductors 322, 325 and 328 coupled in series. Disposed be- 
5 tween inductors 322 and 325 is a notch filter constructed from inductor 323 and capacitor 324. Similarly, dis- 
posed between inductors 325 and 328 is a notch filter constructed from inductor 326 and capacitor 327. Filter 
347 has a cutoff frequency equal to the switching frequency of ramp generator circuit 10 (typically of several 
megahertz). 

The output filter of this circuit removes as much of the switching (i.e., ripple) component as possible, leaving 
10 a relatively clean, demodulated output signal to be applied to the load. 

Inductor 328, located at the output of filter 347, is connected to a damping resistor 329 and a load, which 
in the present embodiment is a yoke. The equivalent circuit parameters of this yoke are an inductance (repre- 
sented by inductor 342) in series with a resistance (represented by resistor 343) and shunted by a capacitance 
(represented by capacitor 344). Resistor 341, placed in parallel with the yoke, is a damping resistance used 
15 to control the Q of the yoke at resonance. Resistor 345, coupled to the yoke assembly, is a current sense re- 
sistor that samples yoke current. 

Resistor 341 is also connected to feedback loop 346, which is coupled to the inverting input of amplifier 
34 through resistor 3F, as shown in Fig. 1 5. This feedback loop provides for system stability and distortion re- 
duction. 

20 

H. Bridge Circuit 

An alternate embodiment to the circuit shown in Fig. 17 is illustrated in the bridge circuit of Fig. 18. The 
architecture of this circuit is similar to the circuit of Fig. 17, using many of the same circuit elements. 
25 1. Resonant Circuits 

Referring to Fig. 18, the primary winding of transformer 147' is coupled to capacitor 144 and resistor 
146 of gate drive circuit 120 (Fig. 16). A first secondary winding is coupled to resistor 148' and the gate 
and source of transistor 160. Antiparallel diode 165 and resonant capacitor 170 are connected in parallel 
across the source and drain of transistor 160. The drain of this transistor is also connected to positive d.c. 
30 power source 1D and the source is connected to resonant inductor 190. 

Similarly, the primary winding of transformer 247* is coupled to capacitor 244 and resistor 246 of gate 
drive circuit 220 (Fig. 16). A second secondary winding is coupled to resistor 248" and the gate and source 
of transistor 260. Antiparallel diode 265 and resonant capacitor 270 are connected in parallel across the 
source and drain of transistor 260. The source of this transistor is connected to negative d.c. power source 
35 2C and the drain is coupled to resonant inductor 290. 

The operation of transistors 160 and 260 and their associated resonant elements is described in Sec- 
tion F, above. 

The circuit of Fig. 18 also includes a second set of transistors and resonant elements identified by 
the prime element numbers in the right-hand side of Fig. 18. Specifically, a second secondary winding of 
40 transformer 147* is coupled to resistor 148" and the gate and source of transistor 160\ Antiparallel diode 

165' and resonant capacitor 1 70' are connected in parallel across the source and drain of transistor 160'. 
The source of this transistor is also connected to negative d.c. power source 2C and the drain is connected 
to resonant inductor 190/ 

Similarly, a first secondary winding of transformer 247' is coupled to resistor 248' and the gate and 
45 source of transistor 260'. Antiparallel diode 265* and resonant capacitor 270' are connected in parallel 

across the source and drain of transistor 260'. The drain of this transistor is connected to positive d.c. power 
source 1 D and the source is coupled to resonant inductor 290'. 

The operation of transistors 160' and 260' and their associated resonant elements is analogous to the 
description provided in Section F, above, with respect to transistors 260 and 160, respectively. 
so In the operation of the circuit of Fig. 18, transistors 160 and 160* are identically driven. Similarly, tran- 

sistors 260 and 260' are identically driven. The result is equal and opposite voltage potentials being applied 
to nodes 401 and 402. Accordingly, such operation results in twice the output voltage swing applied to the 
amplifier load for a given maximum output limit on nodes 401 and 402. This configuration is particularly 
suited for low frequency operation. 
55 2. Averaging Filter 

Referring to Fig. 18, positive and negative d.c. voltage sources 1D and 2C are connected to a series 
of decoupling capacitors 352,353 and 350,351 respectively. 

Additionally, inductors 1 90 and 290 are coupled to filter 347 through inductor 321 , as described in Sec- 
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tion G above. The composition of filter 347 is the same as described in Section G. In identical fashion, 
inductors 190' and 290' are coupled to filter 347* through inductor 32V. The composition and structure of 
filter 347* is the same as filter 347. The outputs of filters 347 and 347 r are coupled to damping resistors 
329' and 329". Disposed between these resistors are circuit elements 341-345 which represent the load 

5 of the amplifier (i.e., a yoke) coupled to current sense resistor 345. The composition and structure of the 

yoke is the same as that described in Section G, above. 

Finally, a conventional difference amplifier 400 is coupled to nodes 405 and 404. The output of this 
amplifier, is coupled to feedback loop 346\ which is itself coupled to the inverting input of amplifier 34 
through resistor 3F, as shown in Fig. 15. This feedback loop provides for system stability and distortion 

10 reduction. 

I. Component Value/Part Number 

Tables 1-8, below, provide component values, voltages, and select part numbers (i.e., component number 
15 value, voltage or part number) of the circuits of Figs. 1 5-18, constructed according to the principles of the in- 
vention. The units are included in the column header, unless otherwise specified in the list. The switching fre- 
quency of this amplifier is 3 Mhz. 



12 



EP 0 655 830 A1 



Resistors 


Capacitors 


One-Shot 


(Ohms) 


(pf) i 


Circuits 


3A: 


4.7K 


3B:2.7uf 


14,20: 


3C: 


4.7K 


13:100 


54LS221. 


3D: 


1.5K 


24:12 




3E: 


2.2K 


27:0.022uf 




3F: 


470 


29:27 




11: 


IK 


44:5 




12: 


2.49K 


51:5 




H 15: 


820 


56:100 




n 16j 


820 


63:5 




H 17 : 


300 


66:5 




18: 


820 


69:100; 




19: 


:2.49K 


102:18uf 




21: 


820 


109:100 




22: 


:470 






23: 


:47 






26: 


:200 






42: 


:4.7K 






43 


:1K 






4 5 


:10K 






H 46 


:2. 2K 






47 


:2K 






50 


:1K 






52 


;4.7K 






53 


:510 






54 


:220 






55 


:300 






62 


:4.7K 






64 


:1K 






65 


:1K 






67 


:4-7K 






68 


:300 






101:22 






103:910 






104: 12K 






106:5. IK 






107:360 






110:470 






111:20K 






202:910 







Comparator 



Power 
Source (V) 



10 



15 



20 



25 



30 



35 



40 



45 



100,150, 
175,200: 
MAX900 



1A:15 
IB: 5 
IE: 5 
2A:-5 



Table 1. Resistors, capacitors, one-shot circuits, 
comparators and power sources of Fig. 15. 



50 



55 



Transistors 


Diodes 


Operational Amplifiers 


25:2N4857 


105:1N4150 


34: AD848 


108: 2N3227 or 




41:AD847 


2N2369A 




48:AD711 






61:AD847 


Table 2. Transistors, diodes and operational amplifiers of Fig. 15. 
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Resistors (Ohms) 


Capacitors (pf) 


Power Source (V) 


122,222:68 


135,235:68 


128 228-0 01uf 


1C:15 


123,223:68 


137 ,237:1. 5K 


144 244*0 1uf 


2B:-15 


125,225:100 


1 38,238:1. 5K 






127,227:39 


139,239:15 






1 29,229:1 0M 


140,240:15 






130,230:39 


143,243:2.2 






132,232:100 


145,245:2.2 






134,234:68 


146,246:470 






Table 3. Resistors, capacitors and power sources of Fig. 16. 



20 


Transistors 


Diodes 


121,221: 2N2907A 


124,224,133,233: 1N4150 




126,226: 2N2857 or2N5835 




25 


131,231: 2N4857 






136,236: 2N2222A 






141,241: 2N3725Aor 2N3735 




30 


142,242: 2N3407 




Table 4. Transistors and diodes of Fig. 16. 



Resistors (Ohms) 


Capacitors (pf) 


Inductors (Nh) 


Power Source (V) 


148,248:2.2K 


170,270:1790 


190,290:812 


1D: 


329:14.7 


324:0.01 4434uf 


321:200 


+27 or 


341:440 


327:8188 


322:6.2uH 


+33 


343:0.4 


344:62 


323:0.20uH 




345:0.833 


350:330uf 


325:1.97uH 


2C: 




351:18uf 


326:0. 1758uH 


-27 or 




352:330uf 


328:0.364uH 


-33. 




353:18uf 


342:40uH 




Table 5. Resistors, capacitors, inductors and power sources of Fig. 17. 



55 
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Transistors 


Transformers 


160,260: IRFM240 or IRF240 


147: 8T-4T 
247: 8T-4T 


Table 6. Transistors and transformers of Fig. 17. 



Resistors (Ohms) 


Capacitors (pf) 


Inductors (Nh) 


Power Source (V) 


148* 148" 


170,170', 


190,190', 


1D: 


24 8* ,248": 


270,270': 


290 f 290*:812 


+27 or 


2.2K 


1790; 




+33 






321 t 321':200 




329* ,329": 


324,324': 




2C: 


14.7 


0.01 4434 uf 


322,322':6.2uH 


-27 or 








-33. 


341:440 


327,327':8188 


323,323':0.20uH 




343.0.4 








345:0.833 


344:62 


325,325':1.97uH 






350:330uf 








351:18uf 


326,326':0.1758 






352:330uf 


uH 






353:18uf 










328, 328': 








0.364uH 








342:40uH 




Table 7. Resistors, capacitors, inductors and power sources of Fig. 18. 



Transistors 


Transformers 


160,160': IRFM240 orlRF240 
260,260': IRFM240 or IRF240 


147': 8T-4T-4T 
247': 8T-4T-4T 


Table 8. Transistors and transformers of Fig. 18. 



While the above is a complete description of the preferred embodiment of the invention, various modifi- 
cations, alternatives and equivalents may be used. Therefore, the above description should not be taken as 
limiting the scope of the invention which is defined by the appended claims. 
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ms 

A power amplifier comprising: 

a first resonant inductor network coupled to first and second nodes; 

a first electrical switching device coupled to said first node having a first control input, said first 
electrical switching device coupling and decoupling said first resonant inductor network to a relatively pos- 
itive power source when switched on and off, respectively; 

a second electrical switching device coupled to said second node having a second control input, 
said second electrical switching device coupling and decoupling said first resonant inductor network to a 
relatively negative power source when switched on and off, respectively; 

a first resonant capacitor coupled across said first electrical switching device, said first resonant 
capacitor selected to resonate with said first resonant inductor network at a first frequency resulting in 
zero and non-zero voltage levels being periodically placed across said first electrical switching device; 

a first antiparallel diode coupled across said first electrical switching device, said first antiparallel 
diode beginning to conduct when a zero voltage level is initially placed across said first electrical switching 
device; 

a second resonant capacitor coupled across said second electrical switching device, said second 
resonant capacitor selected to resonate with said first resonant inductor network at said first frequency 
resulting in zero and non-zero voltage levels being periodically placed across said second electrical 
switching device; 

a second antiparallel diode coupled across said second electrical switching device, said second 
antiparallel diode beginning to conduct when a zero voltage level is initially placed across said second 
electrical switching device; 

a first low-pass filter coupled to said first resonant inductor network; 

a load coupled to an electrical midpoint of said first resonant inductor network through said first 
low-pass filter; and 

means, coupled to said first and second electrical switching devices, for providing first and second 
control signals to said first and second control inputs, respectively, said first control signal operating at 
a second frequency and switching said first electrical switching device on and off only when a zero voltage 
level is placed across said first electrical switching device, and said second control signal operating at 
said second frequency and switching said second electrical switching device on and off only when a zero 
voltage level is placed across said second electrical switching device. 

The power amplifier of claim 1 or 9 wherein said control signal means comprises first and second com- 
parators, said first and second comparators generating first and second pulse-width-modulation signals 
comprising a series of rectangular pulses having rising and falling edges, the rising edge of each pulse 
of said first pulse-width-modulation signal occurring at approximately the same time as the rising edge 
of each pulse of said second pulse-width-modulation signal. 

The power amplifier of claim 2 wherein the falling edge of each pulse of said first and second pulse-width- 
modulation signals is controlled by an analog input voltage signal. 

The power amplifier of claim 3 wherein said control signal means further comprises: 

a first gate drive circuit, coupled to said first comparator and said first control input, which amplifies 
said first pulse-width-modulation signal before transferring said first pulse-width-modulation signal to said 
first control input; and 

a second gate drive circuit, coupled to said second comparator and said second control input, which 
amplifies said second pulse- width-modulation signal before transferring said second pulse-width- 
modulation signal to said second control input. 

The power amplifier of claim 4 wherein said control signal means further comprises: 

means, coupled to said first and second comparators, for splitting said analog input voltage signal 
into first and second voltage signals, said first and second voltage signals having midpoint values equal 
to an electrical ground; 

means coupled to said splitting means for biasing said first and second voltage signals before trans- 
ferring said first and second voltage signals to said first and second comparators, respectively; and 

means coupled to said first and second comparators for generating a periodic reference voltage. 
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6. The power amplifier of claim 4 wherein said control signal means further comprises: 

means, coupled to said first and second comparators, for biasing an input analog voltage signal 
and transferring a biased input analog voltage signal to said f irst and second comparators, said biased 
signal operating as an input voltage at said first comparator and as a reference voltage at said second 
comparator; 

means coupled to said first and second comparators for generating a periodic voltage, said periodic 
voltage operating as a reference voltage at said first comparator; and 

means coupled to said periodic voltage generating means and said second comparator for inverting 
said periodic voltage, said inverted periodic voltage operating as an input voltage at said second compar- 
ator. 

7. The power amplifier of claim 5 wherein said periodic reference voltage generating means further com- 
prises a voltage supply circuit coupled to a charging capacitor that creates a ramp signal of proper size 
to enable voltage levels across said first and second electrical switching devices resonate to non-zero 
values while said first and second electrical switching devices are switched off. 

8. The power amplifier of claim 4, 5, 6 or 7 further comprising first and second logical AND circuits disposed 
between said first and second comparators and said first and second gate drive circuits, respectively, 
said first AND circuit passing said first pulse-width-modulation signal and said second AND circuit passing 
said second pulse-width-modulation signal, said first and second AND circuits being controlled by a gate 
pulse circuit which synchronizes said first and second pulse-width-modulation signals to ensure said first 
and second electrical switching devices switch on simultaneously. 

9. The power amplifier of any preceding Claim further comprising: 

a second resonant inductor network coupled to third and fourth nodes; 

a third electrical switching device coupled to said third node having a third control input, said third 
electrical switching device coupling and decoupling said second resonant inductor network to a relatively 
negative power source when switched on and off, respectively; 

a fourth electrical switching device coupled to said fourth node having a fourth control input, said 
fourth electrical switching device coupling and decoupling said second resonant inductor network to a rel- 
atively positive power source when switched on and off, respectively; 

a third resonant capacitor coupled across said third electrical switching device, said third resonant 
capacitor selected to resonate with said second resonant inductor network at said first frequency resulting 
in zero and non-zero voltage levels being periodically placed across said third electrical switching device; 

a third antiparallel diode coupled across said third electrical switching device, said third antiparallel 
diode beginning to conduct when a zero voltage level is initially placed across said third electrical switching 
device; 

a fourth resonant capacitor coupled across said fourth electrical switching device, said fourth res- 
onant capacitor selected to resonate with said second resonant inductor network at said first frequency 
resulting in zero and non-zero voltage levels being periodically placed across said fourth electrical switch- 
ing device; 

a fourth antiparallel diode coupled across said fourth electrical switching device, said fourth anti- 
parallel diode beginning to conduct when a zero voltage level is initially placed across said fourth electrical 
switching device; 

a second low-pass filter coupled to said second resonant inductor network and said load, which is 
coupled to an electrical midpoint of said second resonant inductor network through said second low-pass 
filter; and 

means, coupled to said third and fourth electrical switching devices, for providing said first and sec- 
ond control signals to said third and fourth control inputs, respectively, said first control signal operating 
at said second frequency and switching said third electrical switching device on and off only when a zero 
voltage level is placed across said third electrical switching device, and said second control signal oper- 
ating at said second frequency and switching said fourth electrical switching device on and off only when 
a zero voltage level is placed across said fourth electrical switching device. 

10. A method for amplifying an analog input signal comprising the steps of: 

biasing the analog input signal to raise signal value above zero volts; 

generating first and second pulse-width-modulation signals based upon the analog input signal and 
a periodic ramp signal; 
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conveying said first and second pulse width modulation signals to first and second electrical switch- 
ing devices, respectively, said first and second devices being switched on at approximately the same time; 
and 

applying a zero voltage level across said first and second switching transistors when said first and 
second switching transistors are switched on and off. 
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